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A great.ly improved test. of the equivalence of inertial and
p,ravitat-ional mass is now possi})le, using super-conduc  t.ing
mcasurcmcnt.  tcchnolc)g,y in an cart.h-orbitit-lg spacecraft., Since the
equivalence principle is a fundamental post.ulat.c of ItinsLein’s
F,encra] theory of rclativit-y, a precise test. is of int.cre.st..

A ]iquicl helium cryc)r,cll must. bc used t.o nlaintain tllc
temperature of the four grfivimet.crs at. 1.8 K. Hecausc of the
c!xtrc!mc~ scnsitjvity  of t.})c! measurement, the .gravit.a~iona]
dis~urbancc caused by the motion of tile liquid helium it-l the local
p,ravit.y-~,racli  CI]L fjelcl is of” concern. IL is proposeci to use
elcctrost.at.ic forces LO provido the necessary cent-rol . We present.
a description of the clesigrl and performallcc) of a proposed f’li#lt.
System.

INTRODUCTION

C;alileo and Newton assumed that, F,ravit.atioll  is a universal forc:c which applies
equally to all boclics in proportion to tl]ejr masses, ancl that inertia] mass is
proport.ions] t.o Sravit.at.iollal  mass. F’roIII these assumptions, it follc)ws that. ally two
I)ocljes will fall with equal accelcrat.ions in a p,ravit.at.ional  field. Newton fornl~llat.ed
this exl)licit,ly in his equations of motion:

f-= rng +: g fk*)a*a  .=) a= ( _rna. ) *g
I-l)g

‘IIIc assum~>tjon  of equjvalencc  is not c,l,vious, ancl it. has been the subject of
quest ion anti experjmen L dowll LO the present . (Fi~. 1 ). Einstein macle the bold
post. ul ato that. equivalence is a fundamental property of matter. Coupled with his
equally bold postulate ~hat. the speeci of lig}lt is a constant independent of t}le velocity
of” L}lc observer, the equivalence principle leads directly to the Einstein’s geometrical
pjct.ure of gravitations a warping in space time,
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TI]e equivalence principle is known t.o be true to an accuracy of a part in 1011,
why t hc!n should wc remeasure such a precisely known quantity? There are several
answers . Firstly, any quant. jty which is the basis of such a fundamental and precise
t}jcory as genera] relativity should be test.ed to Llle limits of current. technique;
sccollclly,  quantum mechanics and ?,eneral relativity in t.lleir  present. forms cannot both
be true, and discovery of a deviation from the c.quivalence  principle may point the way
LO a resolution of the paradox; and thirdly, certain nuc] car forces may give rise to an
a~)parcllt  violation of t.hc equivalence principle; precise measure. mcnt.s will help shape
tile theory of such f“orces.

Eotvos and later Djcke extenckd the accuracy of the nwasurenmnt of eta, defined
ca .s

s111. - Illaq=. ~* < 1

[
Irlj -1 Ina
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to about. 1 part. in 10’1 by the use of a new tcc.hnology, t-he I.orsion balance. Dicke’s
mcasurc~mcnt.s ap~)ear t.o have reac.hcd the limit possible in laboratory moasuremcnts;
ullavoiclablc p,ravj t.at.ions] and seismic ~loise c~in only bc circumvent. ecl by conlple~e]y  IICW
t.cctlni ques .

TllIt STEP liXPERIMKNT

I’he ~)roposcd measurement. will }>c make use of four ultra-sensitive different, ia]
accelcromot.crs  ol~ a sat. c] 1 i t.e in all polar orl]i t at. about. 500 km. The instrument will
be cooled LO 1 .8 K in a su])erfluid Ilelium c.ryc, st.at. l’hc llel iurn boil-off will be used
to compensate drag. Stl~~crco~-ldtlctit~?,  quantum interference detectors will measure the
relative displacement. of t.hc two masses elf” t.lle cliff ercn~ia] accelerometer t.o about 10-13

cm .

I’t)c STEP experiment: will cxt.encl the measurement of q t.o 1 part in 1017. The
improvement. resu] ts from several factors; reduction of seismic noise by cjpcratiol~ in a
dra~, - free spacecraft, ; use of stll)c!rcot~cltlct.i]l~, quallt.um jllterference cletec. t.ors al[d
su~)c!rcot~cltlctil~p,  bearings; and the use of ~Jhase cle. tect. ion at the sip,na) frequency t.o
rccluc. c. random ancl tlorl-sy~lclll-ollolls  nc)i se .

‘i’hc measurenlc!nt  of rI in space was prol)c~serl  by P. Chapman in 19G~1, anti by Worden
ancl Iivcrit. t, (Ref. 1 , 2) . This has result.ecl in several proposals f-or t.est. s using a
clif.ferent  ia] ~ravirnetcr  in earth orbi t.. A ])roposa] t.it]ecl Satellite lest. of the
Equivnlcnce  Principle (STEP) was submit-ted to ESA by an Al[lericat~/Ktlropea~~  team for t}lc
second ESA moclerate mission (M?) , but. lost out by a narrow mar~, in. It. is l}eitlg reworked
ancl resul)mi t,te. cl for tllc M3 mi ss ion by ,a largely European team fc)r flight. in 2005.
Me{inwhi  1 e , a St. an ford -J I’It team is leading atl cf’fort (QUICKSr~F, P) to f“]y a mission wit_h
rccluced scope! with NASA funclinp, in 1999 or 2000.

llltl.l UM TIDES
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A key feat-ure  of the orbital experiment. is that the signal of the violation of t,he
equivalence princip]c is at Lhe orbital period of 6400 sec. Scc Fig. 2. A tiarrow-band
filter will bc used to rcmIove djst.urbanc~s cxccPt. those at- the orbj~al peric)d.  One such
disturbance results from the mot.ioll of ~lle liq~~jd helium in the Eravit.y gradient field.
As S11OWII jn F’jg. 3, the gravity gracl~ents clrivc the hel~um into a complex solid fjgure
which rc)tates  with respect- LO t-he spacecraft at the orbits] frequency.

At~y asymmetry in t,he location c)f Lhc hc]iurn causes a .gravit.ationa) disturbal~ce
wllicll cannot. be separated from the equivalence principle! violation sicna] . Stated
another way, t-he free surface of the superflujcl helium must not be allowecl t.o move more
than a tort.ain amount.. The allowed mot_ion is strc)n~,]y  clcpenclont, on the distance from
tllc cent.er of mass of the differellt.ial  accelerometer, as shown in Figure  4.

EI.ECI’ROS’1’A’J”lC SYSTEM

It: is planned to eliminate t}le ef”fcc~ of the helium motions by controlling the
locat.jell of l-he f“ree surface by clectrc)st.at.ic  f“c)rces. It is well k]~own that. dielectrics
oxperiellce a force in which is proport.ioIlal to the square of the f“ield p,raclicnt, and in
a direct-ion wlljch moves it. int.c~ the Ycgion of” st.ron~,est field. As SI1OWIL in an earlier
I)aper (Rc:f. 3), the expression for the cquiva]cnt. accelcrat.ion  is;

a = - - - 1
P

eoE2
-Xver + -

i
;“X V[E2x(ar- l)x(ar+2)] 1

whore e!. ‘- dielectric constant c)f a vacuum = 4X*10-12
Izr = relat.ivc cliclcctric  constant = 1.05 for heliuln
P’ clcnsity of liquid llclium = 0.143 gnl/cc

The first. term is proportional t.o tlte gradient. in the dielectric const.aIiL.
Because the liquid helium is relat.ivcly itlcol,l~)l-essjl>le, it is very small in the bulk
fluid, lN-IL finite at- the fl”ee surface between tile Has and the liquid, where it acts like
surface tension. ThQ. second term is a bulk term proportional to the graclient c,f E2.
l’hc direc.t.ion  of the force is such that a lic]uid wj~h a relative dielcctrjc constant,
~,rcate.r than 1 will be driven into a re~,ion of c.onverr,inp,  fields.

Tl~c elc!ctrostat.ic  system is slIowtI in F’i~:. 5. It- consists of a set of three
clc!ctroclcs  in t.lle helium tank, a power sup~~]y, atld tile necessary cables ancl higll-vo]tage
f’ec!cl-throuf$s  to conncci _ the power supp)y to tile elect-roclcs.

I’tle e] cc. t.rode con f’i~uration i s s}Iown itl Fi g. 5. Illrcc concentric c1 ectroclcs are
p] aced in tile he] ium tank at. radi i of 187. IInn, ?50 nun ancl 300 mm. Electrode 2 is
~,rouncled, wlli IC e] ect. rodes ) and 3 wi 11 be cxci ted by the hi gll VOI ta~,e power uni t..

‘1’hc power unit_ cent sins four individual supplies each capab] e of de] ivering 10,000
vol t.s at 1 mi cro-am])ere , Each elect-rode is clrjven by LWO independent. supp] i es for
redundancy. Tllcre are no hi gh VOI tage swi t.cllcs  ; the power i s swi tcllecl  by turning the
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low voltage input on
of’ a failure insjde
necessary voltage.

I’he key tO the

ancl off. Each power supply is protect-ed by a resistor. In case
one supply, t-he retlundatlt supply will be able t.o maintajn  the

control of the helium is Lhe placement of the free surface at. a
distance of” rnc]re t-ban ?5 mm from the axis of symmetry. 10 accomplish this during the
first. half of the mission, elect.roclc  1 is excited, while 2 is kept grounded. lhe field
confip,ura~ion  and free surf-ace are ShOWII in ~i~,. 6. Approximately half-way throu~h  the
missiol], elcctrodo 1 is grounded and c!lcct.rocle 3 is excited. ‘1’he innermost. free surface
is at. clecLroclc 2, with a free surface bet-wcell elect.rocles ? and the tank wall . in each
case , all f-ret surfaces lie ouLsidc the forbidden ran?,e.

I’EC}INICAI>  ISSUES

A. Breakdown ancl Arcinp,

There arc three areas where breakdown may occur. The first is the cabling and
fcccllhrou~)ls  bet.wcen the power supp]jes and tile entry to tllc vacuum shell , II-I this
rer,ioll, the pressure varies from c)ne at.mospllerc clurillp, p,round testing to near-vacuum
during operation in space. To avoid breakdown and arcinp,, the feed~hroug}ls  and cabling
must. be dcsi~,nccl so that. the.re is no gaseous ~Jath bct,wecn  high volt.a~,e termina]s and
between hip,ll-volt.ap,e  telmina]s and groullcl. 1]1 adcli Lic]n, special cabling with an extra
~round s}liclcl lnust. I)c! used t.o prevent. charp,e  build-up on the itlsulat.ing  cable covering,
which wou]cl result. in arci~lg. (Rc!f. 4). F’il]ally,  the power supply must not. be operaLecl
in the transition region between 1 at, mospherc  allci vacuum LO avoid any possibility of
break-clown durinp, launch.

TIIO sec.oncl is between tl~e entry to t.hc v=icuunl she]] and the entry t,o the helium
tank . In l.his re. p, ion there is always lli~J1 vacuunl once the vacuum is established.
normal p,ood high-voltage ~JracLicc will avoicl breakclowlls. l’here are twc) special
probl C!ms ; tl~e cables and fecdt. hroup,lls at. tllc helium tank must operate at cryogenic
t.emr)crat.ur es; and the. cables must. be. he. at. -sunk t o t}lc. .sh I CICIS to m]n]mi Z.Q.. . heat. leaka~,e
to Lllc helium bath.

‘rhc third area is internal LO tl]c liquicl Ilc!]iunl tank. The pressure during
cryo~,en i c. operations is that of’ the saturat. ccl vapc]r pressure of liquid licl ium, lt, may
be as llip)~ as 1 at.in whc!n the helium is at lj.~ K or as ]ow as ]50 ~]a at. ].~ K. 1 n
he] i uln, tile breakdown is a function of’ pressure. At 1.8 K the breakdown field is
~,rcatcr tlla~l 500 v/111.

To avoid breakdown several precautions must. be taken. lhcse include caref’ul
dcsi~,n of the elect.rode confip,uration to minimize elec~ric field, use of high voltage
cab]c! with adclcd shield as described al)cwc, allcl c!liminat.ic)n  c)f’ s}larp corners al~cl edges.
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FIGURES

1, History of Experiments

? ‘1’est Mass Goome Lry and Expected Signnl

3. lIc Distribution in Gravity Gradient

f{ . Allowecl He motion

5. Iilcctrostatic  System and Electrode Ccmf”iguration

6. l)ist.ribu~ion  of ],iquid Helium in Orbit.
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